β-Ga 2 O 3 has recently gained renewed scientific interest as a wide bandgap oxide semiconductor. With a bandgap of about 4.8 eV 1 and an estimated break down electrical field of 8 MV cm −1 , β-Ga 2 O 3 is a promising material for power electronic and optoelectronic applications. [2] [3] [4] [5] In contrast to other wide bandgap semiconductors (e.g., SiC and GaN), β-Ga 2 O 3 has the advantage that bulk single crystals with high structural perfection can be grown cost-effectively from the melt. [6] [7] [8] [9] Epitaxial growth on native substrates is therefore the natural choice to obtain device-grade layers. In the last years, impressive results on homoepitaxial growth have been achieved by different growth techniques [e.g., metalorganic vapor phase epitaxy (MOVPE), 5,10-12 molecular beam epitaxy (MBE), [13] [14] [15] and halide vapor phase epitaxy (HVPE)] 16,17 on a variety of possible substrate orientations [such as (100), (010), (001), and (201)]. 3, 4, 18 The substrate orientation has been chosen in terms of the achievable growth rate for the respective growth method and the available substrate size or a combination thereof: in MBE, e.g., the growth rate on (010)-oriented substrates is an order of magnitude higher than ARTICLE scitation.org/journal/apm that on (100), 15 while it is substantially independent on substrate orientation in MOVPE. 12 Previouslywe showed 10 that homoepitaxial growth on the (100) plane without or with a small substrate miscut is characterized by a 2D island nucleation growth mode. In that case, double positioning of Ga adatoms induces the formation of twin lamellae that impair the electrical transport properties of the films. 19, 20 By introducing an appropriate miscut of 6 • , the terrace width becomes small enough and comparable to the diffusion length of ad-atoms on the surface which in turn enables stable step-flow growth on the (100) plane of β-Ga 2 O 3 leading to superior crystalline and thus electrical properties. Interestingly, it was shown that in the case of heteroepitaxial growth on sapphire the introduction of a desired miscut leads to a single crystalline layer with improved electrical properties. 21 Up to now, the desired step flow growth during homoepitaxial growth has exclusively been shown on (100) surfaces, 13, 19, 14 while the growth on all other surfaces results either in faceted surfaces 22 or a three-dimensional surface structure, not reproducing the initial monoatomic stepped surface structure of the substrate.
In this paper, we combine transmission electron microscopy (TEM), electrical characterization, and first principle calculations to study homoepitaxial growth of β-Ga 2 O 3 layers by MOVPE on (100) native substrates. We show that due to the monoclinic symmetry miscuts toward [001] and [001] are not equivalent. While annealed substrate surfaces with miscuts toward [001] show monolayer steps with heights of half a unit cell and terminated by (201) facets, their counterparts exhibit a mixture of bilayer steps with the height of a full unit cell as well as monolayer steps. Epitaxial growth on (100) substrates with a miscut toward [001] results in epitaxial layers of high crystalline quality, while growth on (100) substrates with the miscut toward [001] results in a complete twinning of the layer with respect to the substrate. The latter causes stacking mismatch boundaries that are electrically active as compensation and scattering centers reducing the concentration of charge carriers and their mobility. According to our first principle calculations, the twinning of the layer is explained by minimization of the surface energy. In contrast to the general belief that the cleavage planes (100) and (001) have the lowest surface energy, we show that (201) surfaces are substantially lower in energy than (001 with the predefined (100) miscut orientation. As-fabricated substrates show smooth surfaces with a roughness of 0.17 nm. No surface steps are observable independent of the desired miscut orientation due to a damaged layer, created by the polishing process. After cleaning with acetone and isopropanol in an ultrasonic bath, the substrates are etched in phosphoric acid at 140 • C for 15 min to remove the polishing damage. Afterwards the substrates are annealed in oxygen atmosphere at 900 • C for 60 min to achieve a well-defined, stepped surface. Prior to growth, a dip in hydrofluoric acid for 5 min passivates the epi-ready surface. The β-Ga 2 O 3 layers are grown in a vertical showerhead low pressure MOVPE system (Structured Materials Industries, Inc., USA) equipped with a rotating 3 susceptor. Triethyl-gallium (TEGa) and pure oxygen are used as gallium precursor and oxygen source, respectively. Silicon, which is a shallow donor in β-Ga 2 O 3 , is used as the dopant. Tetraethyl-orthosilicate (TEOS) is used as silicon precursor. The temperature of TEGa and TEOS bubblers is kept at 20 • C and 5 • C, respectively. The TEGa and O 2 molar flows are kept at 6.1 × 10 −6 and 2.2 × 10 −2 mol/min, while that of TEOS is set at 2 × 10 −10 mol/min. High purity Ar, with a main flow rate of 1500 SCCM, is used as a carrier gas. The growth process is performed at 825 • C and 5 mbar chamber pressure since these parameters were found to result in layers with best structural and electrical properties. 12 The resulting growth rate is 2 nm/min, and a free electron concentration of 1-2 × 10 18 cm −3 is obtained. The layer thickness is measured by spectral ellipsometry (MM16, Horiba Jobin Yvon) on β-Ga 2 O 3 layers grown simultaneously on sapphire substrates. This was possible since we had crosschecked by secondary ion mass spectroscopy (SIMS) and TEM that the layer thickness on both substrates is the same within 2% variation. The surface morphology is determined by AFM measurements (Bruker, dimension icon).
Electricalcharacterization of the layers on insulating substrates is performed by resistivity and Hall effect measurements at room temperature using a commercial setup (Lake Shore HMS 7504) and contacting the samples in van der Pauw configuration. Point-like ohmic contacts are prepared by applying InGa eutectic in the four corners of the samples.
Transmission and scanning transmission electron microscopy (TEM and STEM) measurements are performed with an FEI Titan 80-300 operated at an acceleration voltage of 300 kV. The microscope is equipped with an aberration corrector for the objective lens and a high brightness field emission gun (X-FEG) as an electron source. STEM imaging is performed with a focused, convergent beam with a semi-convergence angle of α = 9.0 mrad, using a high angle annular dark-field (HAADF) detector (Fishione model 3000). TEM samples are prepared by face-to-face gluing, followed by mechanical polishing to a thickness of about 10 µm. Electron transparency is achieved by ion beam milling (Gatan PIPS), with an incident angle of the ion beams of 4 • and an acceleration voltage of 3.5 kV under liquid nitrogen cooling, and finally by a stepwise reduction of the acceleration voltage down to 0.2 kV.
ARTICLE scitation.org/journal/apm
First-principles total energy calculations are performed in the framework of density-functional theory (DFT), employing a numerical atom-centered orbital basis set, as implemented in the full-potential all-electron code FHIaims. 26, 27 A k-point sampling of 6 × 14 × 12 is used to calculate the ground state of the conventional bulk cell. The basis set and numerical grids are defined by the "tight" settings for both the gallium and oxygen atoms. 26 The unit cell and surface slabs of β-Ga 2 O 3 are relaxed without constraints using the PBEsol functional 28 until the forces acting on the atoms are smaller than 10 meV/Å. For these geometries, calculations with the HSE06 hybrid functional 29 are performed. The difference in optimized geometries using PBEsol or HSE06 is found to be negligible. In the HSE06 calculations, the basis set and numerical grids for gallium are defined by the "intermediate" Step-flow growth is observed in (c), and three-dimensional growth is observed in (d). Fig. 3(a) ], the layer is hardly distinguishable from the substrate, i.e., it is free of extended defects, as expected for layers grown in step-flow mode. In contrast, for the miscut toward [001], the interface between the substrate and the layer is clearly visible, characterized by extended defects with a spacing of 50-100 nm that climb through the layer. As reported in a previous paper, these are stacking mismatch boundaries, formed between two adjacent regions which are shifted by half of a unit cell along the [100] direction against each other. 19 These stacking mismatch boundaries are electrically active as compensation and scattering centers reducing the concentration of charge carriers and their mobility, as described by Fiedler et al. 20 An even more striking result is obtained by analyzing selected area electron diffraction patterns taken from the layer, the substrate, and both together. Figure 3(b-I) shows the diffraction pattern of the undisturbed substrate. The diffraction pattern of the layer in Fig. 3(b-III) is, compared to the substrate, mirrored at the (100) plane; i.e., the complete layer is twinned with respect to the substrate. In the selected area diffraction pattern taken from the layer and substrate, the twin relation of the layer is seen by the superposition of the g h00 spots originating from the substrate and the film [ Fig. 3(b-II) ]. The change in the orientation of the layer with respect to the substrate is characterized by a c/2 glide reflection as described in our previous work. 10, 19 A representative image of the atomic structure of the interface between the substrate and the twinned layer is shown in Fig. 4(a) . The STEM-HAADF image was taken along the [010] zone axis of the monoclinic lattice. In this projection, the atomic column contrast arises mainly from the gallium columns because of the much higher atomic number of gallium (Z = 31) compared to oxygen (Z = 8). The interface between the layer and the substrate is indicated by the red dotted line. A stick and ball model derived from the STEM-HAADF image is shown in Fig. 4(b) . Three important findings should be highlighted here. First, the stacking order of the atoms reverses to the twinned orientation at the interface between the layer and the substrate. Second, the step edge has the height of a full unit cell, confirming our finding of bilayer steps at the substrate surface reported in Fig. 1(b) . It should be noted that bilayer steps are clearly dominating the interface between the substrates and the epitaxial layer, while mono-atomic steps are also found by high-resolution STEM imaging, however, with much higher average spacing of 50-100 nm. Stacking mismatch boundaries (as described in our previous publication 19 ) form at these interface steps having a thickness of half a unit cell in the a-direction, as shown in Fig. 4(c) . For both miscut orientations, we found a periodic arrangement of surface steps that have a height of half a unit cell (a/2 = 059 nm) and an average spacing of 5-6 nm, which is in good accordance with the miscut angle. Note that the substrate surface with the miscut toward [001] showed bilayer steps. From magnified images of the step edge, we allocate the exact position of the octahedral and tetrahedral coordinated gallium sites as described above and shown in the stick and ball models of the β-Ga 2 O 3 unit cell superimposed with the images. From such analysis, we find that in both cases, the as-grown surface is a (100)-B surface according to the terminology of Bermudez, which is the (100) surface termination with the lowest energy. 33 More importantly, we confirm that, despite the initially different miscut direction, the surface of the grown layer exhibit an identical step down direction [ Fig. 5(b)] along [001] . Hence, the miscut orientation at the surface of the layer grown on the substrate with miscut toward [001] is converted to that of the layer grown on a substrate with a miscut toward [001] . This is in excellent agreement with our finding by TEM that the complete layer is twinned with respect to the substrate. According to first principle calculations by Bermudez, the (001) surface, a cleavage plane, corresponds to the surface with the secondlowest surface energy after the (100) surface. 33 It is therefore expected that the step edges should be terminated by (001) facets. Instead, our TEM data show that step edges at the surface are bound by (201) facets. Figure 5 (c) shows a stick and ball model of the various surface facets, i.e., (201), (001)-B, and (100)-B, which are relevant for our discussion.
Since the surface energy of (201) facets has not been calculated so far, we performed DFT PBEsol and HSE06 calculations of the energies for a variety of surfaces, including (201). 
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Here, A is the surface area, E slab is the total energy of the slab supercell, e bulk is the total energy of the bulk cell per atom, and N is the number of atoms in the surface slab. The factor 1 2 accounts for the two identical surfaces in the slab. E slab was calculated for the relaxed as well as the unrelaxed structures. In all cases, the surface energy is lowered upon fully relaxing the surface slabs. This reduction, however, differs significantly between the different surfaces: while the PBEsol surface energy of the (100) Fig. 6(a) . We want to emphasize that all created slabs are stoichiometric. As a result, the surface energy is independent of the individual chemical potentials under the conditions when the bulk β-Ga 2 O 3 is thermodynamically stable. 27 We do not take surface adsorption, surface defects, or surface reconstructions into account. All these phenomena play a role in experiments and can influence the stability of individual surfaces. The influence of these effects will be investigated in a forthcoming theoretical study.
Based on our experimental results and our findings on surface energies from first principle calculations and considering the symmetry of the monoclinic lattice, we may draw the following simple model to explain our experimental findings. In the case of epitaxial growth on substrates with the miscut toward the [001] direction, step edges form (201) facets that have significantly lower surface energies than the (001) surface. If the substrate miscut is toward [001], there is no symmetry equivalent surface that would correspond to the (201) facet. Since in this orientation all other considered surfaces are higher in energy, we would expect (001) facets to form. However as shown in Fig. 3(b) , nucleation of a twinned (201) terminated nucleus on the (001)-B facet is found experimentally. This converts the crystal structure into the twinned orientation directly at the step edge and thus significantly reduces the surface energy. The study of a number of samples grown under different growth conditions (e.g., growth temperature and precursor fluxes) and of various steps at the interface between the twinned layers confirms our findings. At the moment, the detailed mechanism for the nucleation as well as the detailed atomic structure of the twinned (001) facet is not fully understood since it would require a study on the oxygen atomic positions. While in our previous work formation of a twin lamella 19 was statistical and caused by random nucleation of 2D islands on surface terraces, we find here twinned step-flow growth. This twinned step-flow growth suppresses the random nucleation of two-dimensional islands on terraces, which is corroborated by the fact that the volume of the layer is completely free of the twin lamella. The spacing of stacking mismatch boundaries is equal to the spacing of monolayer steps between the substrate and the layer. This distance is higher than in the case observed in AFM and STEM measurements of the annealed surface, before growth. This increase in the distance between the mono-layer steps on the surface is a result step bunching, decreasing the amount of high energetic stacking mismatch boundaries. While twinning at step edges has not been observed in any other material system, to the best of our knowledge, some of our findings, i.e., the transition from monolayer steps to bilayer steps with the change in the miscut direction from [001] to [001], resemble the findings on Si or GaAs. 34, 35 In the case of Si, for example, the appearance of bilayer steps depends on the miscut angle and the miscut direction. 33 In this case, surface reconstructions play the crucial role, which is not expected for stoichiometric (100)-B surfaces in β-Ga 2 O 3 . More experimental and theoretical studies are needed to understand the surfaces and steps of monoclinic β-Ga 2 O 3 . Our finding that (001) surfaces may easily transform into a low energetic (201) surface may also shed some light on recent findings on low mobilities in Ge doped layers grown on (001) surfaces. 36 While these authors found perfectly stepped surfaces before layer growth, the surface is rough after growth and mobilities are in the range of 20 cm 2 V −1 s −1 . This could be assigned to the formation of misoriented domains that cause structural defects and thus reduce carrier mobility.
In summary, we have shown that homoepitaxial growth of monoclinic β-Ga 2 O 3 have some unexpected peculiarities that need to be considered to exploit the full potential of this material system. We showed that the orientation of the miscut toward [001] and [001] of (100) oriented wafers plays a crucial role for the surface and structural quality of epitaxial layers. While predominantly bilayer steps are found for miscut toward [001], monolayer steps are present for the miscut toward [001] despite the same miscut angle of 6 • . On substrates with miscuts toward the [001] direction, our STEM investigations show that the formation of (201) facets convert the growing layer by twinning at the (001)-B step facet into a completely twinned layer. Here, growth still occurs in the step-flow mode. First principle calculations show that the (201) facet has the lowest free surface energy following the (100) surface. While it is commonly believed that the cleavage planes (100) and (001) should have the lowest surface free energies, the (201) exhibits a huge lattice relaxation due to the shift of the tetrahedrally coordinated surface atoms into the surface. The presence of monolayer steps in these layers (grown on substrates with the miscut toward [001]) causes stacking mismatch boundaries that hamper electrical transport. In a series of experiments, we could show that reproducible electrical properties with the state-of-the-art mobilities can exclusively be obtained on (100) surfaces with ARTICLE scitation.org/journal/apm the 6 • miscut toward the [001] direction. Our study emphasizes that understanding growth surfaces of β-Ga 2 O 3 is crucial for improving the structural quality of epitaxial layers on differently oriented substrates and for optimizing the electronic properties.
